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DNA double strand breaks (DSBs). Immediately ensuing DSB formation, a myriad of histone modiﬁ-
cations are elicited to create a platform for inducible and modular assembly of DNA repair protein
complexes in the vicinity of the DNA lesion. This complex signaling network is critical to repair DNA
damage and communicate with cellular processes that occur in cis and in trans to the genomic
lesion. Failure to properly execute DNA damage inducible chromatin changes is associated with
developmental abnormalities, immunodeﬁciency, and malignancy in humans and in genetically
engineered mouse models. This review will discuss current knowledge of DNA damage responsive
histone changes that occur in mammalian cells, highlighting their involvement in the maintenance
of genome integrity.
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The DNA damage response (DDR) represents a speciﬁc type of
cellular stress response that is initiated by lesions emanating from
genomic DNA. While there are many types of DNA damage, each
with their own cognate recognition and repair, DNA double strand
breaks (DSBs) pose a particular threat to genome integrity as evi-
denced by the number of human pathophysiologic conditions that
occur due to DSB repair deﬁciency [1,2].
The mammalian genome is comprised of approximately 2 m of
DNA, which is tightly packaged into a nucleoprotein structure
known as chromatin. The basic subunit of chromatin is the nucle-
osome, consisting of approximately 146 base pairs of DNA wound
around an octameric histone core, comprised of a dimer of hetero-
tetrameric histones H2A, H2B, H3, and H4. A linker histone H1 may
also be present in the internucleosome linker DNA region and can
have a profound inﬂuence on nucleosome interactions and higher
order chromatin structure. Chromatin structure is altered by cova-
lent modiﬁcation of N- or C-terminal histone tails, which extend
from the nucleosome unit. These modiﬁcations are synthesized
by numerous different histone modifying enzymes in response to
a variety of external and internal stimulatory cues [3]. Histone
modiﬁcations are then recognized by a growing number ofchemical Societies. Published by E
ute, University of Pennsylva-
Philadelphia, PA 19104-6160,chromatin associated proteins that contain evolutionarily con-
served binding domains that display speciﬁcity for modiﬁed his-
tone tail residues. Conversely, enzymes that selectively remove
the modiﬁcation can reverse histone tail modiﬁcations. Collec-
tively, these proteins can be thought of as writers, readers, and
erasers of the DNA damage responsive ‘‘histone code’’ [4].
DSB recognition and repair are initiated within the ﬁrst minute
of damage induction, revealing temporal and spatial assembly of
DNA repair protein complexes at the genomic lesion [5,6].
Fluorescence-based imaging of local damage responses demon-
strates the presence of repair factors in intranuclear foci (denoted
as ionizing radiation induced foci or IRIF) [7]. IRIF are easily visible
on light microscopy due to their presence in supra-stoichiometric
ratios to DSB number. High local concentrations of repair protein
complexes are postulated to efﬁciently signal repair and check-
point responses, as well as maintain sister chromatid cohesion
for homology directed DNA repair reactions.
Although not fully appreciated at the time, IRIF provided the
initial clues that local chromatin modiﬁcations were required for
DSB targeting of repair proteins. The seminal discovery by Bonner
and colleagues that histone H2A variant, H2AX is rapidly phos-
phorylated at the c position in its C-terminal tail (cH2AX) along
chromatin tracks ﬂanking DSBs [8,9], paved the way to study IRIF
assembly. The Phosphatidylinositol-3 kinase-related kinases (PIKK)
ATM (ataxia telangiectasia mutated) and DNA-PK phosphorylate
H2AX within minutes of DSB induction at its C-terminus on
Ser139 [10,11]. Phospho H2AX (c-H2AX) formation was originally
proposed to extend for a megabase from the site of the break inlsevier B.V. All rights reserved.
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mammalian cells are consistent with these original predictions, al-
beit with a non-uniform response over the entire length of modi-
ﬁed chromatin [12–15]. Indeed, cH2AX proved to be an essential
chromatin modiﬁcation necessary for IRIF formation, as genetically
engineered H2AX null mouse cells have dramatically impaired
damage inducible focus formation for many DNA repair factors
[16,17].
Cellular responses to DSBs involve considerable energetic
investment, much of it dedicated to modifying chromatin in cis
to the inciting DNA lesion. Here, it is described that extensive mod-
iﬁcation of chromatin in cis to DSBs not only enables efﬁcient DNA
repair, but also allows communication between DSBs and tran-
scriptional responses that resides in cis and in trans within the
genome [18]. Such communication may be necessary to maintain
genome integrity and to specify cellular states that ensue in re-
sponse to DNA damage.
2. Histone modiﬁcations and the DNA damage response
2.1. Writers, readers, and erasers of the DSB associated chromatin
response
Histone tails on chromatin adjacent to DSBs are covalently
altered by numerous post-translational modiﬁcations including
phosphorylation, ubiquitylation, SUMOylation, methylation, poly
(ADP)ribosylation (PAR), and acetylation (Fig. 1) [19]. Speciﬁc reader
proteins exist for each of these marks, utilizing a variety of binding
domains to recognize their cognate histone tail modiﬁcation and
access DSB associated chromatin [20–22]. Two prominent examples
of DNA repair reader proteins are the breast cancer early onset
protein 1 (BRCA1), and the p53 binding protein 1 (53BP1). Each form
IRIF in a cH2AX dependent manner and also possess prominent
cH2AX independent roles in the DDR [16]. Although sharing cH2AX
IRIF dependency, BRCA1 and 53BP1 display different IRIF kinetics
and utilize distinct recognition elements for IRIF formation
[23–26]. 53BP1 IRIF occur within minutes and utilize a Tudor
domain to recognize methylated histone H4K20 residues, while
BRCA1 relies on tandemBRCT domains that bind to several different
proteins that are serine phosphorylated at a consensus SPXF
sequence.
Despite these differences, BRCA1 and 53BP1 share a reliance on
cH2AX dependent recruitment of E3 ubiquitin ligases that synthe-
size lysine63-linked ubiquitin (K63-Ub) chains at DSBs [27–32].
These K63-Ub chains are synthesized at DSBs by E3 ligases RNF8
and RNF168 in association with a K63-Ub speciﬁc E2 conjugatingFig. 1. Assembly of DNA repair foci at DSBs. ATM phosphorylates cH2AX, thereby
initiating a series of chromatin modiﬁcations that are recognized by DNA repair
protein complexes. Each DNA repair complex proteins contains binding domain
with speciﬁcity for a particular modiﬁcation. This enables stepwise assembly of
DNA repair protein complexes over large stretches of chromatin ﬂanking DSBs.enzyme Ubc13. The signaling cascade to ubiquitin is initiated by
H2AX phosphorylation, which is then bound by the MDC1 protein.
MDC1 appears to be the major reader of cH2AX, using its BRCT do-
mains to speciﬁcally bind cH2AX and transduce nearly all of its sig-
nals [33–37]. MDC1 is extensively phosphorylated at a PIKK
consensus SQ/TQ cluster enabling interaction with RNF8, a RING
domain E3 ligase that uses its Forkhead-Associated domain (FHA)
to bind phosphorylated MDC1 [27,30,32]. DSB associated RNF8
binds to the K63-Ub speciﬁc E2 conjugating enzyme Ubc13 to be-
gin an ubiquitin ligase cascade. RNF8–Ubc13 interaction is posi-
tively regulated by the giant E3 ligase HERC2 [38], and negatively
regulated by the DUB OTUB1, which binds to Ubc13, thereby lim-
iting access of RING domain E3 ligases [39]. Ligase active RNF8–
Ubc13 synthesizes ubiquitin docking sites for RNF168, another
E3 ubiquitin ligase that contains ubiquitin binding domains. DSB
localized RNF168 also synthesizes K63-Ub chains in conjunction
with Ubc13. RNF168 is biallelically mutated in a rare human disor-
der known as RIDDLE Syndrome (Radiosensitivity Immune Deﬁ-
ciency Developmental Delay) [40]. Cells from these patients lack
K63-Ub, BRCA1, and 53BP1 at IRIF [31,40]. Histones H2AX and
H2A, known substrates of both ligases, show diminished ubiquiti-
nation in RNF8 and RNF168 deﬁcient cells. Interestingly SUMO E3
ligases PIAS1 and PIAS4 are also required for efﬁcient DSB ubiqui-
tylation by RNF8, RNF168, and BRCA1. SUMOylation leads to
enhancement of their respective E3 ubiquitin ligase activities,
and this is thought to be necessary for efﬁcient DSB associated
ubiquitylation [41,42]. The culmination of these reactions creates
K63-Ub chains for recognition by ubiquitin binding domain
proteins.
BRCA1 interacts with RAP80 (Receptor Associated Protein 80), a
protein containing tandem ubiquitin interaction motifs (UIM), in a
6-member protein complex [43–49]. The RAP80 UIM domains spe-
ciﬁcally recognize K63-ubiquitinated chromatin adjacent to DSBs
[43]. The BRCA1–RAP80 complex also contains a K63-Ub speciﬁc
deubiquitinating enzyme (DUB), BRCC36, which opposes K63-Ub
synthesis by RNF8 and RNF168 at DSBs [43,50,51], providing a
built-in mechanism to either terminate or edit DSB ubiquitin re-
sponses. RAP80 or BRCC36 deﬁcient cells show elevated K63-Ub
at DSBs, including higher levels of K63-ubiquitinated histone
H2A [50,52,53]. RAP80 is also K63-ubiquitinated in an Ubc13
dependent manner and is a substrate of BRCC36 DUB activity
[52] consistent with the notion that DSB ubiquitination is hetero-
geneous and dictated by a dynamic equilibrium between opposing
E3 ubiquitin ligase and DUB activities [21,28,50,54]. RAP80 is
among the ﬁrst of several proteins that utilize ubiquitin binding
to recognize DSBs [55], although not the ﬁrst protein reported to
recognize ubiquitin at DNA damage sites. Ubiquitin binding do-
mains are utilized by the Y-family of DNA translesion polymerases
to recognize ubiquitinated PCNA at stalled replication forks [56–
58], suggesting ubiquitin as a common recognition element for
several types of DNA repair.
It is less clear how ubiquitin chains facilitate 53BP1 DSB
accumulation. While it was previously thought that H4K20Me2
did not become enriched at DSBs, recent ﬁndings suggest other-
wise. The histone methyltransferase MMSET is recruited to DSBs
in a cH2AX/MDC1 dependent manner to synthesize H4K20Me2
[59]. This activity was necessary for 53BP1 DSB recruitment and
DNA repair. How RNF8 and RNF168 dependent DSB associated
ubiquitin comes into play during this process is still unknown,
since RNF8 was not required for MMSET DSB localization or DSB
H4K20Me2 enrichment. A plausible, albeit unproven, explanation
is that RNF8/RNF168 dependent ubiquitination would relax
chromatin constraints to make H4K20Me2 marks more accessible
for binding by the 53BP1 Tudor domain.
The functional consequence of ubiquitin and methylated
histone recognition by repair proteins at DSBs is still a matter of
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hypersensitivity to IR and other agents that create DSBs. 53BP1
null mice generally exhibit mild DNA repair phenotypes, but dis-
play a severe impairment in immunoglobulin rearrangements dur-
ing class switch recombination, suggesting a failure to join DSB
ends that contain large stretches of intervening sequence
[16,60,61]. A presumably related ﬁnding is that 53BP1 deﬁciency
prevented long range end joining interactions between deprotec-
ted telomeres [62]. Both of these ﬁndings implicate 53BP1 in
allowing movement of DSB termini in nuclear space for end joining
reactions.
Interestingly, 53BP1 deﬁciency rescued BRCA1 mutant cells
from genomic instability concomitant with a restoration of DSB
end resection, homology directed repair, and resistance to PARP
inhibitors [63–65]. To date, 53BP1 is the only known DNA repair
gene to exhibit this type of genetic interaction with BRCA1 muta-
tion. These important ﬁndings suggest that chromatin bound
53BP1 plays a contributory role to genomic instability and breast
and ovarian cancer susceptibility in the context of BRCA1 muta-
tions. RAP80 deﬁciency also leads to excessive end resection
[66,67], although RAP80 ablation exacerbated DNA repair in BRCA1
null cells [47,66,68], indicating clear distinctions between RAP80
and 53BP1. In addition, H2AX knockout cells display excessive
end processing [69,70], suggesting that readers of cH2AX depen-
dent ubiquitin modiﬁcations help to limit DSB end resection.
Poly(ADP)ribosylation of histone tails is an additional histone
modiﬁcation that has garnered much attention due to the ﬁnding
that PARP inhibitors show synthetic lethal interactions in BRCA1
and BRCA2 mutated cells [71,72]. This synthetic lethality has borne
promising results in the treatment of BRCA mutated cancers in hu-
man clinical trials [73]. PARP1 is rapidly and transiently recruited
to DSBs to PARylate histones and other substrates. A number of
PAR binding domains exist to allow protein recruitment to DNA
damage sites. One example is the nucleosome remodeling complex
NuRD that requires PARP activity for DSB recruitment [74]. An-
other chromatin remodeling protein, ALC1 (Ampliﬁed in Liver Can-
cer 1) uses a macrodomain to access DNA repair sites and initiate
nucleosome sliding [75]. These activities were required for resis-
tance to DNA damaging agents. Finally XRCC1 uses its BRCT do-
main to access PARylated histones at DSBs for non-homologous
end joining type DNA repair [76].3. How to deal with pre-existing chromatin states
In simple terms, chromatin is deﬁned as either heterochromatic
or euchromatic based on simple staining procedures that can be
visualized by light or electron microscopy. Chromatin IP coupled
to next generation sequencing (ChIP-Seq) approaches has revealed
high-resolution portraits of genome wide chromatin modiﬁcations,
known as the epigenome [77]. Transcriptionally silent heterochro-
matin and euchromatin possess characteristically different histone
modiﬁcations. While the total number of chromatin modiﬁcations
present in the epigenome is well beyond the scope of this review,
repressive histone marks commonly demonstrate histone H3
methyl lysine 9 and lysine 27 modiﬁcations, histone H2A ubiquiti-
nation at lysine 119 and minimal histone acetylation. Moreover,
heterochromatin commonly displays extensive cytosine methyla-
tion at CpG dinucleotide clusters within promoter regions. Each
of these modiﬁcations contributes to the transcriptionally silent
status of heterochromatin. Alternatively, active chromatin fre-
quently displays histone H3 and H4 acetylation, lacks methylation
on H3 residues 9 and 27 as well as CpG island methylation, and
shows H2B ubiquitination. RNA PolII is also associated with charac-
teristic histone modiﬁcations. Histone H3 is trimethylated at lysine
4 surrounding transcription start sites, and actively elongating RNAPolII leads to chromatin decondensation and the deposition of his-
tone H3K36 methylation throughout the gene body.
3.1. Dealing with chromatin during repair Part I: repair in
heterochromatin
Nuclease accessibility experiments reveal that heterochromatin
is densely packed, while euchromatin can be readily digested to
mono and dinucleosomes because its relaxed structure permits
nuclease accessibility to internucleosomal DNA. Such observations
lead to a prediction that heterochromatin and euchromatin would
display different requirements for DNA repair. In line with this
assertion is the observation that in both yeast and human cells,
heterochromatin displays resistance to cH2AX formation [78].
Moreover, ATM deﬁciency resulted in persistent DNA damage in
regions bordering large heterochromatic domains in mouse and
human cells, suggesting that repair in heterochromatin instills a
requirement for ATM dependent chromatin relaxation [79].
Recent insights shed light on how the damage response deals
with pre-existing chromatin states. DSB responses within hetero-
chromatin are facilitated by TIP60 chromodomain binding to
trimethylated H3K9 residues [80]. This activates TIP60 histone
acetyltransferase (HAT) activity to acetylate ATM and histone H4
lysine residues to direct an ATM dependent DDR to the vicinity
of DSBs within heterochromatin. TIP60 dependent ATM activation
therefore requires pre-existing H3K9 methylation and a DNA
damage induced dissociation from methylated H3K9 residues by
heterochromatin protein HP1b. This HP1b departure from hetero-
chromatin is transient and requires Casein Kinase 2 dependent
phosphorylation [81]. HP1b later returns to chromatin and has
been reported to accumulate at DSBs [82]. More recent reports
document that HP1a also accumulates rapidly and transiently at
DSBs that occur in either heterochromatin or euchromatin, requir-
ing the chromatin assembly cofactor p150CAF-1. HP1a deﬁciency
led to reduced homologous recombination mechanisms of DSB re-
pair and hypersensitivity to DNA damaging agents [83]. Activated
ATM phosphorylates the heterochromatin associated protein
KAP-1 (Krüppel-associated box (KRAB) domain-associated protein
1), which is involved in global relaxation of heterochromatin struc-
tures [84]. Either ATM or KAP1 deﬁciency prevented DNA repair in
heterochromatin as did failure to activate TIP60 upon global loss of
H3K9 trimethylation.
A modiﬁed picture has emerged with respect to DSB repair in
heterochromatin in Drosophila [85]. Repair foci formed at similar
rates in heterochromatin and in euchromatin in Drosophila cells,
however, were more rapidly resolved in heterochromatin. Follow-
ing end resection, heterochromatic DSBs exhibited extrusion into
euchromatin domains for repair by homologous recombination
(HR). Heterochromatin DSB repair depended on HR type repair
mechanisms and on the SUMO ligase associated SMC5/6 complex.
The authors provide evidence that heterochromatin decondensa-
tion permits migration of a heterochromatic DSBs to less dense
chromatin regions prior to Rad51 nucleoﬁlament formation for
HR type repair. It was hypothesized that Rad51 dependent HR re-
pair of highly repetitive DNA found in heterochromatin would oc-
cur in a distinct chromatin environment to prevent error prone
homeologous repair between repetitive elements and loss of ge-
netic information. It should be noted that Jeggo, Lobrich, and col-
leagues had previously implicated end resection and HR as a
requisite feature of DSB repair within heterochromatin in G2 phase
cells, suggesting that heterochromatin may dictate similar repair
requirements in mammalian cells [86].
The ﬁndings in Drosophila are potentially paradigm changing
on several fronts [85]. Namely, they challenge existing models that
heterochromatin is refractory to cH2AX formation. Secondly, they
imply that not all DSBs in metazoan species display positional
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ally require a specialized form of HR. There are still many unan-
swered questions regarding these exciting ﬁndings. Are
responses to heterochromatic DSBs conserved between insect cells
and mammalian cells? As the authors point out, a detailed time
course of repair foci kinetics with respect to heterochromatin land-
marks would be necessary to discern if this is a conserved re-
sponse. An additional question is whether the foci localization
data accurately represent DNA repair? While the data are entirely
consistent with this idea, the study did not directly examine repair
in heterochromatin, instead using foci localization as a surrogate
for repair. Diminished TUNEL positivity over time further supports
the assertion that foci analysis is a fair representation of DNA dam-
age [85].
Despite these reservations and the recent nature of this report,
striking similarities exist in terms of genetic requirements for
recombination-based mechanisms of telomere maintenance
known as ALT (Alternative Lengthening of Telomeres). The SMC5/
6 proteins form an evolutionarily conserved complex with the
MMS21 SUMO E3 ligase. These proteins are required for SUMOyla-
tion of telomere binding proteins TRF1 and TRF2 in ALT dependent
human cells [87]. This activity is required for movement of telo-
meres undergoing ALT to PML bodies for recombination. SMC5/6
was also required for Rad51 foci formation at the periphery of het-
erochromatin in Drosophila cells [85]. While it is not clear these
processes are equivalent, the resemblance between DSBs in DAPI
dense centromeric DNA and recombinogenic telomeres is uncanny.
Both consist of repetitive, heterochromatic DNA that undergoes
movement dependent HR type strand invasion reactions. These
similarities are suggestive that at least some degree of evolution-
ary conservation exists between Drosophila heterochromatic DSB
repair and repair of DNA damage in certain forms of heterochroma-
tin in mammalian cells.
3.2. Dealing with chromatin during repair Part II: repair in
euchromatin
An obvious difference between heterochromatin and euchro-
matin is the presence of active transcription. This difference has
a profound impact on genome integrity and there is now evidence
that it can explain some of the tissue speciﬁcity of genomic alter-
ations found in malignancy. Transcriptional stimuli can promote
speciﬁc types of genomic instability by enhancing proximity of
genetic loci on different chromosomes. Prostate cancer displays
characteristic translocations between the TMPRSS2 gene and
several different ETS family genes [88]. Both are targets of andro-
gen receptor suggesting a link between transcription and translo-
cation propensity. Indeed, stimulation with dihydrotestosterone
(DHT) induces proximity between these loci speciﬁcally in prostate
epithelium, but not in androgen independent cells [89,90]. DHT
alone enhances a detectable level of fusion product between loci
as a result of a non-reciprocal translocation. These phenomena
were dramatically enhanced when ionizing radiation was added
during DHT stimulation.
The basis for transcription associated translocations seems to be
multifactorial. Nuclear hormone induced transcription enhances
proximity of non-contiguous genomic loci into regions described
as transcription factories. RNA PolII unwinding of DNA for tran-
scription then generates DNA supercoiling related torsional stress,
which is relieved by Topoisomerase mediated DNA nicking and
DSB formation [91]. Topoisomerase induced DSBs result in cH2AX
and DNA repair protein accumulation occurs in the vicinity of nu-
clear hormone receptor induced transcription start sites. These
cooccurrences create a perfect storm of events necessary for non-
reciprocal chromosomal translocations. Translocation rates posi-
tively correlated with the strength of transcriptional stimulusand required NHEJ type DNA repair [89]. Conversely either ATM
deﬁciency or knockdown of HR related repair proteins dramatically
increased translocation frequency. These ﬁndings indicate that
genomic aberrations in cancer may not occur randomly, instead
reﬂecting the transcriptional programs present in cells of origin
for each cancer type.
A second feature of DNA repair speciﬁc to euchromatin comes
from responses to DNA–RNA hybrids known as R-loops [92]. These
hybrid structures are formed at elevated levels when processing of
the nascent transcript is impaired. R-loop formation promotes
transcription associated mutation and hyperrecombination, both
causes of genomic instability. The underlying mechanisms, while
still being resolved, are suggestive of higher rates of DSB formation.
A siRNA screen for genes that prevent spontaneous cH2AX forma-
tion revealed a prominent involvement of splicing factors and reg-
ulators of nascent mRNA [93]. Evidence in support of an R loop
intermediate came from the observation that cH2AX could largely
be prevented by RNase H expression, an enzyme that speciﬁcally
cleaves RNA–DNA hybrids. The pathway leading from R-loops to
DSB formation will likely provide many new insights into tran-
scriptional causes of genomic instability.4. Chromatin responses and DSBs
4.1. DSB communication to transcription in cis
DSBs modify chromatin for up to a megabase adjacent to the
lesion, posing the question of what happens to transcription in
these ﬂanking regions. The ﬁrst attempts to address this question
suggested that DSB responses extensively silence transcription
within cH2AX chromatin domains (Fig. 2). Nuclear run-on experi-
ments showed an exclusion of nascent RNA surrounding cH2AX
foci [94]. Similar ﬁndings were obtained upon monitoring rDNA
transcription following IR. Treatment of mouse embryonic ﬁbro-
blasts with IR led to a transient inhibition of RNA PolI dependent
rDNA synthesis [95]. While it is unclear exactly where in the
nucleolus the breaks occurred, a series of experiments conclusively
showed that DNA damage caused a local shutdown of transcrip-
tion. Laser induced DSBs targeted to one nucleolar region dimin-
ished transcription only within that region and did not affect
transcription in trans at other nucleoli. DSB induced transcriptional
silencing relied on an ATM, NBS1, and MDC1 dependent pathway,
but surprisingly was H2AX independent. Recent reports indicate
that RNA PolII dependent transcription is also inhibited by the
presence of DSBs on adjacent chromatin. Using a novel reporter
system that permits visualization of DSB responses and nascent
transcription from a deﬁned location in real time in single cells,
it was demonstrated that persistent DSBs silenced transcription
in cis for at least 4 kb away form the site of DNA damage [18].
RNA PolII accumulated at the transcription start site, but failed to
efﬁciently enter an elongating state. DSB silencing was dependent
on ATM kinase activity. ATM dependent DSB silencing was partially
mediated by RNF8 and RNF168 dependent histone H2A ubiquitina-
tion, and failure to deubiquitylate H2A-Ub resulted in persistent
silencing at the conclusion of repair.
An important question is whether DSB silencing is reversible.
The answer seems to be largely yes. RNA PolI dependent rRNA
synthesis was restored in 2 h after IR [95]. RNA PolII dependent
nascent transcription also recovered commensurate with the
timing of DSB repair [18]. However, there is credible evidence that
DSB silencing can persist at a subset of DSBs. The ﬁrst of which
reported that 50% of HR repaired DSBs exhibit DNA methyltrans-
ferase 1 (DNMT1) dependent CpG island methylation and tran-
scriptional gene silencing that persisted for many cell divisions in
culture [96]. A second report documented histone deacetylase
Fig. 2. DSBs communicate with transcription. (A) ATM silences transcription in cis to DSBs [18,92,93]. ATM kinase activity initiates E3 ligase dependent histone H2A
ubiquitination, which is responsible for silencing RNA PolII dependent along chromatin in cis to DSBs. ATM, NBS1, and MDC1 are required to silence RNA PolI transcription in
the nucleoulus. (B) DSBs communicate to transcription in trans [102–107]. DSBs result in senescence associated heterochromatin formation and derepression of transcription
in heterochromatin. (Left) Dysfunctional telomeres (red dots) are recognized as DSBs as evidenced by telomere associated cH2AX foci (adjacent green dots). Persistent
telomere damage leads to senescence associated heterochromatin formation (large blue dots). (Right) DSB formation (green dots) results in depression of transcription
including LINE and SINE elements (red lines) from heterochromatin (blue dots).
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nuclease-induced DSBs [97]. Considering that tumors exhibit ele-
vated cH2AX and DSB formation at early stages of development
[98,99], even a small subset of persistent DSB silencing may lead
to heritable chromatin changes and account for some of the epige-
netic changes present in malignancy.
Given the span of cH2AX dependent DSB responses from a sin-
gle DSB, a question of interest is how far DSB silencing extends.
Would transcription be suppressed along the entire length of
cH2AX chromatin domain in cis to a DSB? The answer to this ques-
tion is still unclear. Nuclear run on experiments show the entire
cH2AX focus to be transcriptionally silent [94]. However, this ap-
proach is limited by the resolution of light microscopy and does
not examine gene expression from a deﬁned locus. Deﬁned DSBs
at endogenous genomic locations has been reported using tamox-
ifen controlled ER fusion to restriction endonucleases [12,100]. One
such system used the AsiSI restriction endonuclease to assess RNA-
PII occupancy within cH2AX domains [100]. The authors report
that cH2AX was excluded from sites containing RNAPII near the
transcriptional start site, and was re-established to full levels at
1–2 kb in both 50 and 30 directions. Steady state transcription was
not affected at 4 h after nuclease induction unless the DSB occurred
very close to the gene body, leading the authors to conclude that
DSB silencing does not extend far along cH2AX domains.
The ﬁndings with AsiSI seem to contradict nuclear run on
experiments that DSBs silence transcription throughout the length
of a DSB chromatin domain. However, a closer examination of the
data suggests this may not be the case. RNAPI driven transcription
was completely restored within 1–2 h following 5 Gy IR at rDNA
repeats in the nucleolus [95]. Complete restoration of transcription
was also observed 1–2 h following termination of nuclease action
at a RNAPII driven reporter gene [18]. In both situations, DSB
silencing would not have been detected at the 4 h time point
examined for AsiSI DSBs. Moreover, DSB silencing events do not
prevent RNAPII association with transcriptional start sites
[18,95], and it appears that many transcriptionally silent genes
accumulate RNAPII in a promoter proximal state [101]. Collec-
tively, these results suggest that stable silencing is readily detect-able at persistent DSBs, but may be too transient for DSBs that are
undergoing rapid repair.
A remarkable example of this phenomenon may be sex chromo-
some silencing in male germ cells. Meiotic sex chromosomes are
epigenetically silenced in a process that is required for spermato-
genesis known as meiotic sex chromosome inactivation (MSCI).
During spermatogenesis, male X and Y chromosomes are unsynap-
sed and accumulate DDR factors in a manner that recapitulates
assembly of chromatin responses surrounding DSBs in somatic
cells. cH2AX, MDC1, BRCA1, ubiquitin, and SUMO decorate the en-
tire length of the XY body [102,103]. MDC1 null spermatocytes dis-
play greatly diminished H2A-ubiquitin, SUMOylation, and cH2AX
signals on X and Y meiotic chromosomes [104]. Interestingly, this
results in a failure of MSCI and a 2- to 4-fold derepression of X
and Y chromosome genes in mouse testis compared to MDC1 het-
erozygous counterparts. cH2AX null mice also fail to execute MSCI,
indicating DSB silencing mechanisms require the cH2AX–MDC1
partnership at RNAPII driven genes in this context [103]. In addi-
tion, MDC1 was required for cH2AX ampliﬁcation at sites of repli-
cation stress in somatic cells and these damage sites were
associated with transcriptional silencing [104]. What still remains
to be resolved are whether silencing occurs over large cH2AX chro-
matin domains at all DSBs, or rather a subset of them in somatic
cells. Clearly, more investigation is warranted.
4.2. DSB communication to transcription in trans
The combination of DNA sequence and chromatin structure
controls gene expression and cell fate determination. This is
beautifully illustrated by inducible pluripotency cell methodolo-
gies that allow conversion of terminally differentiated cells into
pluripotent embryonic stem cells [105]. There is now compelling
evidence that DSB responses can elicit cell fate changes as well
by initiating chromatin alterations at sites distal to DNA damage
(Fig. 2). Replicative senescence occurs in response to telomere
attrition due to the end replication problem. Senescence is charac-
terized by an irreversible cell cycle arrest, distinct cell morphology,
and gene expression changes.
2888 R.A. Greenberg / FEBS Letters 585 (2011) 2883–2890Telomere damage induced senescence initiates a p53 and Rb
dependent program that generates numerous dense heterochro-
matic regions (Senescence Associated heterochromatin Formation
(SAHF)) characterized by the presence of histone H3K9 trimethyla-
tion, HP1 proteins, and the heterochromatin associated H2A vari-
ant macrohistone H2A [106]. Unlike the DSB silencing described
above, SAHF are not reversible and do not occur in cis to the geno-
mic lesion, i.e., they are not adjacent to uncapped telomeres. This
observation suggests DSB signals emanating from telomere dam-
age can elicit epigenetic changes in trans to alter cellular states.
Global chromatin alterations also occur in response to IR in-
duced DSBs due to a relocalization of the NAD dependent SIR class
of histone deacetylases from heterochromatin to the site of DNA
damage. Yeast Sir2 relocalizes from telomeres to nuclease induced
DSBs, leading to transcriptional derepression of genes in hetro-
chromatin [107,108]. Similar ﬁndings were reported in mamma-
lian cells, resulting in loss of SIRT1 dependent silencing of
heterochromatin [109]. SIRT1 departure from repetitive, hetero-
chromatic elements paralleled gene expression within these re-
gions following DNA damage. The authors speculate that
derepression in trans, i.e., gene expression changes at repetitive
genomic regions distal to the site of DSBs would be responsible
for age-related pathologies. These ideas were supported by obser-
vations that derepression of SIRT1 targets occurred in aged mouse
brains, and that depression of Sir2 targets led to aging in yeast.
DSB speciﬁc forms of DNA damage leads to a global derepres-
sion of transposable elements and active transposition of long
and short interspersed nuclear elements, LINES and SINES [110].
Similar results are seen during other stress responses. Heat shock
causes a strong derepression of repetitive DNA and the formation
of centromeric nuclear stress bodies, concomitant with expression
of the centromeric a-satellite repeats [111]. Interestingly, cancer
genomes show derepression of the same elements, with 100- to
1000-fold induction of a-satellite RNAs and LINE elements and evi-
dence of active transposition [112,113]. Perhaps persistent DSB re-
sponses in tumors play a causal role in expression of non-coding
RNA from repetitive elements. Given the speciﬁcity of these gene
expression changes to tumors, how they inﬂuence the overall ﬁt-
ness of cancer cells will be a matter of importance in terms of
thinking of novel therapeutic strategies. Nonetheless, RNA ex-
pressed from repetitive elements may serve as a novel early bio-
marker for a broad range of malignancies.
5. Summary and perspective
It is now clear that extensive histone tail modiﬁcations occur-
ring in cis and in trans to DSBs enable high ﬁdelity DNA repair
and communication to other cellular processes. The chromatin re-
sponse therefore not only represents a means to control the tem-
poral and spatial assembly of DNA repair proteins in the vicinity
of a DSB, but also a mechanism to control local and global tran-
scriptional responses. The challenge moving forward is to integrate
these numerous DSB related chromatin changes into the context of
testable models, so that we can begin to understand their full im-
pact genome integrity and cellular state changes in response to
genotoxic stress.
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